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Abstract.  The crystal structures of the complexes of L and DL histidine with formic acid 
have been determined as part of an effort to define biologically and evolutionarily important 
interactions and aggregation patterns. In terms of ionization state and stoichiometry they 
may be described as L-histidine formate formic acid and DL-histidine formate monohydrate 
respectively. In the L-histidine complex, amino acid molecules arranged in head-to-tail 
sequences centred around 21 screw axes are interconnected by formic acid molecules and 
formate ions. Histidine-formate interactions in the structure gives rise to a characteristic 
interaction pattern involving a linear array of alternating imidazole groups and formate 
ions. In DL-histidine formale monohydrate, head-to-tail sequences involving glide related 
molecules are interconnected through main chain-side chain interactions leading tο amino 
acid layers. The layers are held together by formate ions and water molecules arranged in 
strings along which the ion and the molecule alternate. The patterns of amino acid 
aggregation in histidine complexes exhibit considerably higher variability than those in 
complexes  involving  arginine  and  lysine  do. 
 
Keywords. Amino acid complexes; molecular aggregation; amino acid-carboxylic acid
interaction; chemical evolution. 
 
1.  Introduction 
 
Non-covalent interactions are crucial to the structure, function and assembly of 
proteins. Our studies of crystalline complexes containing amino acids and peptides 
(Vijayan 1988; Prasad and Vijayan 1993a; Stephen Suresh et al 1994a,b) have not 
only yielded a wealth of information on biologically important non-covalent 
interactions, but have also provided a detailed understanding of the well defined 
patterns of interactions and aggregation involving amino acids and peptides. These 
patterns provide useful insights into the role of molecular interactions and aggregation 
in chemical evolution (Vijayan 1980; Suresh and Vijayan 1983b; Suresh and Vijayan 
1985; Vijayan 1988). The current focus of the programme is on amino acid and 
peptide complexes with small organic molecules that are believed to have existed 
in the prebiotic milieu. The information obtained from these complexes are expected 
to be relevant to the understanding of the self-assembly processes that might have 
led to the first self-replicating systems, in addition to its intrinsic interest in relation 
to molecular association in general. We have already obtained interesting results 
from the analysis of a number of complexes involving succinic and acetic acids 
(Suresh and Vijayan 1983a; Soman et al 1989; Prasad and Vijayan 1990, 1991, 
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1993a,b; Stephen Suresh et al 1994a). The complexes of arginine (Stephen Suresh 
et al 1994b) and lysine (Stephen Suresh and Vijayan 1994) with formic acid, the 
most abundant carboxylic acid produced in the simulated prebiotic synthesis 
experiments (Miller and Urey 1959; Kvenvolden et al 1971; Miller and Orgel 1974) 
and the smallest of its kind, have also been analysed. Here we present the crystal 
structures of L- and DL-histidine complexed with formic acid. Histidine is a 
particularly interesting amino acid because it can act as a proton donor, a proton 
acceptor, a nucleophilic agent and a ligand to metal ions (Madden et al 1972). It 
plays  a crucial  role  in  the  catalytic  activity  of  numerous  enzymes. 
 
2.  Methods
 
The crystalline complexes in both instances were prepared by vapour diffusion of 
acetone into aqueous solutions of histidine containing an excess of formic acid. 
The space groups and the unit cell dimensions of the crystals were determined by 
Weissenberg photography using nickel filtered copper radiation and the densities 
were measured by floatation in mixtures of benzene and carbon tetrachloride. The 
cell parameters were subsequently refined on a CAD-4 diffractometer, which was 
also used to collect the intensity data. The experimental details and refinement 
parameters  are  given  in  table  1. 
 
 
Table 1.  Crystal data, experimental details and refinement parameters for L-histidine 
formate  formic  acid  and  DL-histidine  formate  rnonohydrate. 
 
 
Estimated SD given in parenthesis. 
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The structures were solved using the direct methods program SHELXS-86 (Sheldrick 
1986) and refined by the full-matrix least squares method employing a minimization 
procedure based on F2 using the program SHELXL-93 (Sheldrick 1993). The 
hydrogen atoms were located using difference Fourier maps and stereochemical 
considerations. Non-hydrogen atoms were refined anisotropically and hydrogen atoms 
isotropically. The positional parameters and the equivalent isotropic thermal 
parameters of the non-hydrogen atoms in the two structures are given in tables 2 
and 3. 
 
 
Table 2. Atomic coordinates (×104) and equivalent 
isotropic displacement parameters (Å2×104) in L-histidine 
formate formic acid. 
 
Table 3. Atomic coordinates (×104) and equivalent 
isotropic displacement parameters (Å2×104) in DL- 
histidine formate monohydrate. 
 
 
 
 
228        Stephen Suresh and Μ Vijayan
 
3. Results and discussion 
 
3.1 Stoichiometry  and  ionization  state 
 
In both the complexes, the a-amino and the imidazole groups are protonated and
positively charged while the a-carboxyl groups are deprotonated and negatively
charged. The molecules are thus zwitterionic and carry a net positive charge each. 
In the L-histidine complex, the asymmetric unit contains one histidinium cation, a 
formate anion and a formic acid molecule. The situation is somewhat similar tο 
that in L-histidine semisuccinate trihydrate (Prasad and Vijayan 1993b), where the 
asymmetric unit contains one histidinium cation and a singly negatively charged 
semisuccinate ion with one protonated, neutral carboxyl group and one deprotonated 
negatively charged carboxylate group. The similarity in ionization state and 
stoichiometry extends to the corresponding DL-histidine complexes as well. 
DL-histidine succinate dihydrate (Prasad and Vijayan 1993b) contains, as in the 
formate complex, one carboxylate group for each histidinium ion. The two forms 
of the complex of L-histidine with acetic acid (Stephen Suresh et al. 1994a) however 
contain, unlike in those with succinic: and formic acids, only one carboxylate group 
(and no carboxyl group) for every histidinium ion. A complex between DL-histidine 
and acetic acid is yet to be crystallized. Among the three carboxylic acids, formic 
acid is the most acidic with a pK of 3·75, while succinic acid has pK values of 
4·16 and 5·61 and acetic acid has an intermediate value of 4·75 (CRC Handbook 
of Chemistry and Physics 1980). The observed stoichiometry and ionization states 
in the formic, acetic and succinic acid complexes cannot be explained in a satisfactory 
manner on the basis of the pK values. 
 
3.2 Molecular  conformation 
 
The bond lengths and angles in the two structures are normal. As is well known, 
the conformation of the histidine molecule is defined by χ1 and χ21 (IUPAC-IUB 
Commision on Biochemical Nomenclature 1970). χ1, which defines the disposition 
of the side chain with respect to the main chain, can take values in the neighbourhood 
of –60°, 60o or 180o corresponding to the open conformation I (g-), closed 
conformation (g+) and open conformation II (t) respectively (Bhat and Vijayan 1978; 
Krause et al 1991). Though the preferred values of χ21 are -90° and +90°, it often 
deviates from these ideal values due to interactions of the imidazole with other 
groups in the crystal. In both the structures, the molecule adopts the sterically most 
favourable open conformation I' with χ1~ –60°. In fact this is the most Frequently 
observed conformation of histidine, occurring in 12 of the 19 independent histidine 
molecules observed in crystal structures so far (Prasad and Vijayan 1993b; Stephen 
Suresh et al 1994a). In the L-histidine complex, χ21 takes a value of –60·9º and 
in the DL complex it takes a value of –67·5°. The carboxyl hydrogen in the formic 
acid molecule in L-histidine formate formic acid adopts the energetically favourable 
cis conformation (Miyazawa and Pitzer 1959). 
 
3.3 Hydrogen bonding and molecular aggregation 
 
The crystal structures of the two complexes are illustrated in figures 1 and 2, 
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while the parameters of the hydrogen bonds in them are listed in table 4. In the 
L-histidine complex, the α-amino group takes part as proton donor in four hydrogen
bonds, of which two constitute a bifurcated hydrogen bond involving 021 of a 
formic acid molecule and 022 of a symmetry equivalent of the same molecule. 
The remaining two involve a formate ion and an α-carboxylate group. The imidazole 
group interacts exclusively with formate ions through two N–H . . . Ο hydrogen
bonds. The remaining hydrogen bond is a short O–H . . . Ο type interaction 
 
Table 4.  Hydrogen bond parameter. 
 
(Ramanadham and Chidambaram 1978; Mitra and Ramakrishnan 1981) involving 
formic acid and the a-carboxylate group. In DL-histidine formate monohydrate, the
α-amino group forms hydrogen bonds with an a-carboxylate group, a formate ion
and a water molecule. Unlike in the L-histidine complex, the imidazole group in 
the complex of the racemate interacts with a formate ion as well as an a-carboxylate
group. The lone water molecule in the structure interacts as proton donor exclusively 
with  formate  ions. 
It has been shown earlier that crystal structures containing amino acids can often 
be described in terms of head-to-tail sequences in which the α-amino and the 
α-carboxylate groups are brought into periodic hydrogen bonded proximity (Suresh 
and Vijayan 1983b). When the sequence contains screw related molecules that are 
connected through N1 ... 01 hydrogen bonds, it is referred to as a Zl type 
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head-to-tail sequence. In L-histidine formate formic acid (figure 1) the histidine 
molecules from ribbons along b involving such sequences formed by a Nl . . . 01 
hydrogen bond and its screw equivalents. The Z1 sequences involving 01 are rarer 
than the Z2 sequences involving 02. They occur with around half the frequency 
of Z2 sequences (Suresh and Vijayan 1983b). In fact L-histidine formate formic 
acid is the only crystal structure observed so far in which histidine forms a Zl 
sequence. The Zl ribbons related by an a translation are linked by formic acid 
molecules to form a layer in the ab plane. The layers are then interconnected by 
formate ions that link screw related histidine molecules from adjacent layers. The 
formate ions also serve to lend further stability to the Zl ribbons by linking 
alternate histidine molecules, i.e., those related by a b translation in the Zl sequence. 
In fact the histidine molecules and formate ions in the structure form a characteristic 
interaction pattern involving a linear chain of alternating imidazole rings and formate 
ions (figure 3), which is similar to the ones containing amino and carboxylate 
groups observed earlier (Vijayan 1988 Soman et al 1988). 
 
Figure 3.  The characterise interaction pattern observed in the L-histidine complex. 
 
The amino acid molecules in DL-histidine formate monohydrate (figure 2) form 
columns along c, through DL2 type head-to-tail sequences (Suresh and Vijayan 
1983b) involving a Nl . . . 02 hydrogen bond and its glide equivalents. The DL2 
sequence has earlier been observed in the structures of DL-histidine (Edington and 
Harding 1974) and its hydrochloride (Bennet et al 1970). In the crystals of 
DL-histidine, where the imidazole group is uncharged, this sequence is further 
stabilized by an intermolecular Nl . . . Ν5 interaction, while in the hydrochloride it 
is stabilized by an intermolecular N5 . . . 01 hydrogen bond. A N5 . . . 01 hydrogen 
bond exists in DL-histidine formate monohydrate also, but it is between screw 
related molecules and serves to connect screw related ribbons to form a corrugated 
sheet in the bc plane. Adjacent sheets slacked along a arc interconnected by formate 
ions and water molecules. In fact, each of the channels created by the stacking of 
amino acid sheets is filled by a hydrogen bonded zigzag siring containing alternate 
formate ions and water molecules (figure 4). 
The modes of amino acid aggregation show substantial invariance in the complexes 
involving the other two basic amino acids (Suresh and Vijayan 1983a,c; Soman 
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Figure 4.   The string of alternating formate ions and water molecules in the DL-histidine 
complex. 
 
et al. 1989; Prasad and Vijayan 1990, 1991: Stephen Suresh et al 1994b; Stephen 
Suresh and Vijayan 1994). This is particularly true of lysine complexes. In some 
of them, the interactions and aggregation patterns remain nearly the same, irrespective 
of changes in the nature and the size of the molecules or ions present in the 
system (Stephen Suresh and Vijayan 1994). The situation is somewhat different in 
histidine complexes, with considerable variability among them in the aggregation 
patterns. The present structures exemplify this situation. 
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